Exercise is associated with unequivocal health benefits and results in many structural and functional changes of the myocardium that enhance performance and prevent heart failure. However, intense exercise also presents a significant hemodynamic challenge in which the right-sided heart chambers are exposed to a disproportionate increase in afterload and wall stress that can manifest as myocardial fatigue or even damage if intense exercise is sustained for prolonged periods. This review focuses on the physiological factors that result in a disproportionate load on the right ventricle during exercise and the long-term consequences. The changes in cardiac structure and function that define 'athlete's heart' disproportionately affect the right-sided heart chambers and this can raise important diagnostic overlap with some cardiac pathologies, particularly some inherited cardiomyopathies. The interaction between exercise and arrhythmogenic right ventricular cardiomyopathy (ARVC) will be highlighted as an important example of how hemodynamic stressors can combine with deficiencies in cardiac structural elements to cause cardiac dysfunction predisposing to arrhythmias. The extent to which extreme exercise can cause adverse remodelling in the absence of a genetic predisposition remains controversial. In the athlete with profound changes in heart structure, it can be extremely challenging to determine whether common symptoms such as palpitations may be a marker of more sinister arrhythmias. This review discusses some of the techniques that have recently been proposed to identify pathology in these circumstances. Finally, we will discuss recent evidence defining the role of exercise restriction as a therapeutic intervention in individuals predisposed to arrhythmogenic cardiomyopathy.
Physiology of the exercising heart
Cardiac output (CO) increases with exercise intensity to deliver oxygen to the working muscles. Although oxygen utilization by the peripheral muscle is also an important factor, the ability to augment CO remains a key determinant of exercise capacity. Exercise-induced increases in CO (often termed 'cardiac reserve') have most commonly been attributed to increases in heart rate, augmentation in left ventricular (LV) function and vasodilation of the systemic circulation. 1, 2 The fact that cardiac output is only as good as your worst ventricle is often overlooked. Given that the cardiovascular system is composed of two circulations in series, it is impossible for the output of the left ventricle (LV) to exceed that of the right ventricle (RV) and vice versa. Many texts on exercise physiology have focused on the systemic circulation to explain cardiovascular performance and limitation during exercise but there is reasonably compelling physiological evidence to suggest that it may be the RV that is placed under greatest stress during exercise and is most likely to be the Achilles' heel that limits augmentation of CO. Relative to the LV, increases in load are greater for RV and the contractile force may be insufficient to maintain the increases of output required during intense sustained exercise. This review will discuss novel concepts of exercise physiology, highlighting the evolving evidence implicating the RV as a key determinant of exercise capacity, a potential stress point for exercise-induced injury and a chamber that undergoes disproportionate remodelling in the setting of athletic training.
Cardiac load and work during exercise
The hemodynamic load of exercise increases with intensity to a differing extent in the two ventricles. (pulmonary artery and systemic), ventricular volumes and wall thickness in the RV and LV, we could estimate biventricular wall stress according to the LaPLace relationship. 3 Wall stress is proportional to ventricular work and determines myocardial oxygen demand. At rest, the RV must work against a very low resistance and high compliance pulmonary circulation and, therefore, the wall stress is significantly lower for the RV than for the LV ( Figure 1 ). This RV is well adapted to its resting load with a mass and wall thickness approximately one quarter that of the LV. However, RV load increases dramatically during exercise and comes to approximate that of the LV due to a greater increase in pulmonary artery pressures relative to systemic vascular pressures, a slightly greater increase in ventricular volumes and a lesser compensation for wall stress through myocardial thickening. These three factors all contribute to a disproportionate increase in RV wall stress, but the dominant factor is the near-linear increase in pulmonary artery pressures. Multiple investigators have used echocardiographic estimates [4] [5] [6] and direct invasive measures [7] [8] [9] of pulmonary artery pressures and this has resulted in an extremely consistent description of the relationship between mean pulmonary artery pressures and flow (the so-called P/Q relationship) in which mean pulmonary artery pressure may be expected to increase 1 mmHg for each litre increase in CO in the healthy pulmonary circulation. 10, 11 Thus, the five-to seven-fold increase in CO observed in welltrained athletes 12 represents a massive load on the RV. During intense exercise, the wall stress in the RV starts to approximate that of the LV ( Figure 1 ) and this means that the proportionate increase is far greater for the RV. There are few studies that have assessed this physiological phenomenon. In a comprehensive review of coronary circulation and myocardial demand during exercise, Duncker and Bache detail experiments in dogs that compared left-and right-sided coronary demand. 13 These experiments are made possible by the fact that the myocardial drainage from the two ventricles are separate in dogs whereas in humans the venous effluent is mixed. Intriguingly, in exact agreement with our physiological studies in humans, myocardial oxygen extraction in the RV is far less than that of the LV at rest but, during exercise, oxygen extraction of the RV increases disproportionately and approximates that of the LV 13 ( Figure 2) . Thus, wall stress, ventricular work, and myocardial oxygen consumption all demonstrate that the RV is under-worked at rest and has the potential to be over-worked during high intensity exercise. The fact that the RV is of considerably lesser mass would suggest that it is more adapted to rest than it is to exercise. Intriguingly, this does not seem to be the case for all species. Thoroughbred racehorses, for example, have been bred to generate the highest possible COs during exercise and it is tantalizing to link the disproportionate remodelling with almost matched LV and RV mass to the fact that considerable increases in RV contractility would seem necessary to generate the massive COs observed in these animals ( Figure 3) . The increases in RV afterload during exercise can be attributed to the sum of all of the downstream factors. 14 The systemic circulation impacting on LV diastolic properties affecting left atrial pressures which, in turn, are transmitted through the pulmonary circulation to the right heart. In the healthy pulmonary circulation, it has been suggested that left atrial pressures explain approximately 80% of the variance in pulmonary artery pressures. 15 It is a probable misnomer that increases in left atrial pressure during exercise are an indication of cardiac pathology. In patients with heart failure, LV filling pressures increase steeply relative to CO, 16 but a progressive increase in left atrial pressures can also be observed in healthy subjects. Relative to CO the left atrial pressure increases are modest but, given the substantial increases in CO that can be observed in healthy subjects and athletes, the peak left atrial pressures can be substantial. Augmentation in CO during exercise requires increasing filling volumes within shorter diastolic filling times. This can be achieved by means of greater ventricular suction, greater atrial pressures, or both. Nonogi et al. demonstrated that early diastolic ventricular suction increases during exercise as a result of improvements in active ventricular relaxation 17 but these were relatively modest and insufficient in their own right to generate the cardiac flows required of elite sports performance (in excess of 40 L/min 12, 18 ). Such outputs require an increase in atrial pressure to augment flow in addition to the enhanced ventricular diastolic properties. Relatively few studies have assessed left atrial Figure 1 Changes in end-systolic wall stress with maximal exercise.
In a cohort of athletes and non-athletes, RV wall stress (RVES-r) was lower at rest but increased to a greater extent such that it approximated LV wall stress (LVES-r) at peak exercise (A). LV ES-r increases with exercise were modest and did not differ between athletes and non-athletes (B), whereas exercise resulted in a greater RVES-r in athletes as compared with non-athletes (C). Reproduced with permission from La Gerche et al. The concept of ventricular interaction as an 'in series' circuit is simplistic. Increases in left atrial pressure are transferred back through the pulmonary circulation and amplified by the resulting increase in pulmonary vascular stiffness (reduced compliance). However, in addition, there are complex 'in parallel' interactions by which the increases in RV afterload may serve to limit overall CO. The heart is constrained within a relatively stiff pericardium and, in the case of endurance athletes, constrained by the anatomical constraints of a markedly enlarged heart within a confined intrathoracic space. Furthermore, ventricular volumes are influenced by the changes in intrathoracic pressures due to respiration, a significant 'pump' for venous return that is seldom considered. 24 In some settings such as congestive heart failure in which cardiac filling can potentially exceed the limits of the Frank-Starling mechanism, increases in right ventricular filling can cause leftward shift of the interventricular septum because pericardial constraint inhibits further distension of the RV free wall. 25 This septal shift can be further exacerbated by the combination of inspiration (further loading the RV by venous return) 24 and by delayed contraction of the RV when the contractile reserve is approaching its limits. 26 The result is that LV volume can be constrained in early diastole due to the inward movement of the interventricular septum on one the side and the constrained pericardium on the other side. Thus, there is potential for an increase in LV early filling pressures despite a reduction in volumes. This mechanism has been elegantly elucidated in patients with tricuspid regurgitation 27 and in heart failure where reductions in venous filling can result in a paradoxical increase in early diastolic LV volumes. 25 The observation by Reeves et al. that there is a strong relationship between increases in left and right atrial pressures during exercise suggests that pericardial constraint has an important influence on cardiac function during exercise in trained individuals 15 but the extent to which this can contribute to raised LV filling pressures has not been determined. Using real-time exercise CMR, we have documented a 14% increase in RV end-systolic volumes and an 8% decrease in LV volumes during the increased venous return of inspiration. 24 This implies ventricular interaction through pericardial constraint and we observed that this persists throughout exercise. This raises the possibility of a vicious circle in which the briskness of LV early filling is attenuated by ventricular interaction (via pericardial constraint induced interventricular septal shift) resulting in raised left atrial pressures and further increases in RV afterload (see Figure 4 ). This concept of exercise limitation is supported by evidence in rats, dogs, and pigs in which pericardectomy results in an Figure 2 Greater RV coronary oxygen demand during exercise.
Relation between myocardial oxygen consumption (MVO 2 ) and coronary venous oxygen tension (CVPO 2 ) in the right ventricle (RV) and the left ventricle (LV) in dogs during treadmill exercise. This demonstrates that as exercise demand increases (progressively greater MVO 2 ), the amount of oxygen used is far greater for the RV thereby suggesting that RV work increases disproportionately in the RV relative to the LV during exercise.
Figure 3
Greater RV remodelling in a thoroughbred horse.
Thoroughbreds are conditioned for aerobic exercise and traits have been refined over multiple generations of in-breeding. It is curious that in an animal with one of the highest exercise cardiac outputs that there is relatively much greater RV remodelling. The RV (signified here with blue arrows is of similar wall thickness to the LV (red arrows). A potential explanation for this increase in RV wall thickness is that the very cardiac flows during exercise require very high RV pressures and resultant increases in RV wall thickness. 31 as a means of testing the hypothesis that pericardial constraint may be a source of limitation when RV dilation is combined with the haemodynamic challenge of exercise. Heart failure with preserved ejection fraction in the setting of obesity is one such example. 32 Thus, RV afterload increases significantly during exercise because of several complex downstream factors. Given that increases in RV afterload may have greater potential to limit augmentation of stroke volume, 33 probably as a result of its lesser contractile mass, it stands to reason that it is the chamber that is most likely to fatigue and limit CO during prolonged exercise bouts.
Prolonged intense exercise disproportionately affects the RV
The increase in load on the RV during exercise translates as an increase in work, contractility, and metabolic demands. During brief intense exercise, the RV is able to meet these demands such that arterio-ventricular coupling is maintained. We have demonstrated that RV systolic strain rate and the RV end-systolic pressure area relationship, two noninvasive indices that best approximate intrinsic RV contractility, increase progressively during brief intense exercise in proportion to the increase in pulmonary artery pressures. 34 However, when intense exercise is maintained for several hours, RV dysfunction results. As summarized in a recent meta-analysis, virtually all recent studies that have assessed RV function after endurance exercise have identified significant RV dysfunction. 35 The degree of dysfunction seems to be greater the longer the intense exercise is sustained (see Figure 5 ) and some studies have reported a correlation between the extent of RV dysfunction and cardiac biomarker release. 36 In contrast, evidence for LV dysfunction after prolonged intense exercise is inconsistent with modest or no changes in function. A meta-analysis of available information reported a negligible 2% change in LV function in this setting. 37 These post-race changes have almost always been measured during recovery soon after the intense exercise bout thereby giving rise to the question as to whether these post-race changes were due to transient factors independent of intrinsic cardiac function such as dehydration or vagal excess. However, two studies have been recently conducted toward the end of a prolonged exercise bout, one using echocardiography and the other using exercise cardiac magnetic resonance imaging. 38, 39 Both studies demonstrated reductions in RV function during intense exercise whilst LV function was unaffected.
Chronic exercise-induced changes in cardiac morphology
Given that intense exercise is associated with disproportionately greater RV wall stress and resultant fatigue when compared with the LV, chronic cardiac remodelling may be expected in athletes. Indeed, endurance athletic training has been associated with structural, functional and electrical changes of the heart that favour the right-sided chambers. Although, athletic cardiac remodelling (often termed 'athlete's heart') is defined by enlargement in the volumes of all four cardiac chambers, there does appear to be slightly greater increases in right-sided chamber volumes. 3, [40] [41] [42] [43] This is not only true of well-trained endurance athlete but also extends to the general population where increases in RV volumes have been associated with self-reported amounts of exercise, independent of LV changes. 44 Lower RV ejection fractions 3,40,45 and lower RV Figure 4 Summary of exercise physiology in a well-trained subject.
At rest when cardiac flows are low, there are modest atrio-ventricular pressure gradients, low left atrial pressures and low RV pressures. During exercise, the high-flow state results in substantial atrial filling and pressure build up during systole when the atrio-ventricular valves are closed (represented by the blue 'þ' symbols). The resulting increase in left atrial pressures is transferred back through the pulmonary circulation and result in raised RV afterload. The increased RV load afterload causes RV dilation (and potentially also some slight delay in RV contraction). Because of pericardial constraint, the increase in RV volumes causes septal shift toward the left ventricle in early diastole (small blue arrows) that has the potential to attenuate early diastolic filling of the LV and further increase left atrial pressures. Thus, increases in RV afterload become a critical constraint during high intensity exercise in healthy subjects. 34, 46 have been observed in endurance athletes relative to non-athletes. These changes appear to be associated with a greater prevalence of electrocardiographic changes such as more prevalent right bundle branch block 47 and precordial T-wave inversion. 48, 49 For example, T-wave inversion in V2 and V3 are rare in non-athletes but can occur in up to 27% and 4%, respectively, 48, 49 although this may be explained by the fact that athletic training results in apical displacement toward the axilla such that a greater proportion of the RV is located under the precordial leads. 50 The concept that high circulatory flow results in greater RV load and chronic remodelling is supported by animal experiments in which a highflow state could be induced by an aorto-caval fistula, 51 an intervention that results in a haemodynamic stress somewhat akin to chronic exercise. At 3 months after the surgery, there was a greater increase in RV stroke work relative to that of the LV (þ216% vs. þ70%). Furthermore, the high-output state resulted in RV dysfunction and fibrosis whilst the LV was relatively unaffected. In humans, similar outcomes were observed following arteriovenous fistula formation in patients with renal failure. 52 At a median of 2.5 years after fistula formation, Reddy et al.
observed a 10.4% reduction in RV fractional area change, an increase in RV volumes and a slight reduction in LV volumes, possibly because of ventricular interaction (as discussed earlier in this review). The observation that fistula ligation caused stabilization or improvement in RV function suggests a causative link between high-output circulatory states and RV dysfunction. Thus, high-flow circulatory states result in increases in right ventricular mass and volume and this is particularly true of exercise. The degree of increase appears to relate to the amount of exercise performed and has been observed both in cohorts who are already training and following training of sedentary individuals. The degree of right ventricular remodelling in endurance athletes appears to be slightly greater than that seen for the LV.
Clinical implications of exerciseinduced RV remodelling
There are two main contexts in which knowledge of athletic RV remodelling is important; first, a good knowledge of the normal ranges of RV measures, functional variation, and ECG changes is critical to avoid overdiagnosing pathology in well-trained athletes and, secondly, recognizing when the changes exceed those expected for athletes and may indicate pathology. Differentiation between 'healthy' remodelling and pathological change can be extremely challenging.
What is the normal spectrum of RV measures in athletes?
There is a wealth of data on what constitutes the boundaries of the normal LV in the athlete but data regarding the RV is scarcer. This is due, in part, to the fact that the RV was relatively neglected for decades but also because there are fewer standards when it comes to characterizing RV structure and function.
Cardiac magnetic resonance imaging is often considered the gold standard technique for assessing RV volumes and structure. Prakken et al. have assessed the largest cohort of athletes and observed significantly larger RV volumes in elite athletes as compared with recreational athletes and non-athletes. 45 Overall, RV volumes were 30% greater in elite athletes as compared with non-athletic controls but the 95th centile included RV end-diastolic volumes >400 mL which is approximately twice the size of normal cardiac dimensions. Mean RV end-diastolic volumes of between 230 and 280 mL have been consistently reported in the literature. 3, 9, 40, 45, 53, 54 Thus, when considering ranges of normal using standard deviation and bootstrapping, volumes of 350-400 mL may be considered normal. Notably, ventricular volumes quantified using 3D echocardiography are substantially less, perhaps reflecting the fact that echocardiography tends to underestimate volumes, particularly in the apex and outflow tract. 55, 56 These increases in volumes can result in unusual morphology. Bulging of the basal free wall of the RV and around the moderator band can be a commonly observed feature of the volume loaded RV, 40, 57 as exemplified in Figure 6 . These features can easily be mistaken for wall motion abnormalities or aneurysms, particularly when clinicians are unfamiliar with assessing the hearts of endurance athletes. Mathematically, the same stroke volume ejected from an increasingly large RV results in a progressively smaller RV ejection fraction (RVEF). This may be part of the explanation as to why athletes have low measures of RV systolic function. RVEF measuring between 40% and 45% can be observed in up to 15% of elite endurance athletes. 40, 45 Similarly, RV fractional area change (a 2-dimensional approximation of RVEF) is low in endurance athletes. 34, 43, 46 In a cohort of 63 elite endurance athletes, Teske et al. 46 measured RVFAC values of 37 ±5% translating to approximately half of the athletes being below normal cut-off values. Similarly, measures of strain and strain rate are reduced (less negative) in elite athletes, particularly amongst those with greatest RV dilation.
34,46
Figure 6 Prominent RV remodelling in healthy athletes creating appearances that could be confused with pathology. These cardiac magnetic resonance scans illustrate common features resulting from RV dilation -bulging of the basal free wall (highlighted with red line and blue arrows and mild flattening of the interventricular septum). This 'pseudo-aneurysmal' appearance can easily be confused with arrhythmogenic cardiomyopathy. 
Exercise and the RV
It would seem logical that the high prevalence of dilation and low functional measures of the RV cannot be signs of pathology in the clear majority of athletes given their excellent health outcomes. 58, 59 This creates a significant issue; at what point should the clinician be concerned about RV remodelling in the athlete and how should the athlete be evaluated? These are questions that are yet to be answered. Large prospective studies are required to assess whether those athletes with more extreme RV remodelling are at risk of clinical events such as arrhythmias. In the meantime, given that the prevalence of serious RV pathology amongst ostensibly healthy and asymptomatic athletes is likely to be low, most RV changes are likely to be benign and may not require comprehensive evaluation. Furthermore, there is no current evidence to suggest that asymptomatic athletes with more profound RV remodelling should moderate their training. However, a full evaluation should be undertaken in athletes reporting symptoms such as palpitations, syncope, fatigue, or unexplained reductions in exercise capacity. Evaluation should include all of the diagnostic tests encompassed by the ARVC Task Force Criteria. 60 In addition, clinicians may consider referral to a centre with expertise in athlete evaluation and some of the novel tests discussed below that may have some novel diagnostic utility in this setting such as exercise RV imaging 9 and electrophysiological testing.
61-63

Overlap between arrhythmogenic RV cardiomyopathy and athlete's heartenvironmental genetic interaction
There is potential for diagnostic overlap between arrhythmogenic right ventricular cardiomyopathy (ARVC) and athletic cardiac remodelling given that athletes commonly have markedly dilated RV volumes and reduced measures of RV function. Moreover, there is some evidence to support the concept that the extreme haemodynamic stress of exercise may promote arrhythmogenic remodelling in some athletes even in the absence of a recognized familial predisposition. ARVC is a familial cardiomyopathy associated with abnormalities in the structure, function and electrophysiological properties of the myocardium. A genetic mutation can be identified in approximately half of ARVC patients, most frequently in one of the family of genes associated with the integrity of the desmosomal genes that provide structural integrity between the cardiac myocytes. For reasons that are incompletely understood, there is considerable phenotypic variability such that the same mutation may cause severe heart failure and arrhythmias in one patient and no symptoms in another. 64 These differences might be explained by additional genetic factors such as variations in modifier genes. Similarly, undiscovered genetic mutations may explain the half of ARVC patients in which current genetic tests prove negative. On the other hand, it is possible that this phenotypic variation may be due to environmental factors or interaction between environmental and genetic influences. Given the profound effect that exercise has on RV function and structure, it would seem a logical candidate as an environmental stressor that may exacerbate any intrinsic deficiency in structural integrity of the myocardium. The concept of a genetic environmental interaction is an attractive hypothesis to explain phenotypic variability and there are few examples that are as well evidenced as the interaction between exercise and ARVC. Evidence spans the spectrum from a purely genetic disorder to a predominantly environmental cause of a common phenotype (clinically identical condition). In highly trained endurance athletes, Heidbuchel et al. proposed that ARVC could be cause by extreme exercise, independent of any genetic risk. After observing a recurring clinical pattern of RV arrhythmias and mild RV dysfunction amongst professional cyclists presenting with palpitations, Heidbuchel collated thorough diagnostic evaluations under the diagnostic framework of the ARVC criteria although evidence of familial disease seemed absent in the clear majority of cases. 63 Fifty-nine percent and 89% of the professional cyclists met diagnostic criteria for ARVC or probable ARVC, respectively, and the high rate of malignant arrhythmias during follow-up suggested that this condition portended a prognosis like that of familial disease. Heidbuchel et al. termed this syndrome 'exercise induced right ventricular cardiomyopathy' implying that the condition was inseparable from ARVC on clinical grounds but seemed to be caused by the environmental stress of extreme exercise rather than a genetic predisposition (see Figure 7) . A subsequent comprehensive genetic analysis revealed desmosomal mutations in only 12.8% of the athletic cohort and in none of the athletes performing more than 14 h of intense exercise per week despite these athletes manifesting features sufficient for a diagnosis of ARVC (60%) or probable ARVC (40%). 65 The concept that exercise could cause a condition identical to that of familial ARVC was validated by researchers at Johns Hopkins University who observed a similarly low rate of genetic mutations amongst endurance athletes, particularly amongst those performing the most exercise. 66 These investigators referred to the condition as 'gene-elusive ARVC' suggesting that the cause was likely still mediated by a genetic weakness but this was yet to be identified. Although 'exercise-induced' is not included in the label, the authors note that 'gene-elusive ARVC' predominates amongst those performing endurance exercise and that evidence of a genetic predisposition was rare amongst competitive endurance athletes. Thus, although there is different emphasis in the title, the observations are virtually identical (see Figure 8 ).
Pre-clinical evidence has also highlighted the importance of exercise on ARVC disease expression. Kirchhof et al. provided the first support for the hypothesis that exercise could modify the expression of ARVC by exercising mice with a heterozygous deficiency in plakoglobin. 67 As compared with the sedentary mice, exercise resulted in earlier RV dysfunction and arrhythmias. Benito et al. extended this concept further by comparing trained and untrained 'wild-type' rats (no genetic predisposition to cardiac disease). The training involved 16 weeks of treadmill running that the authors concluded approximated 10 years' marathon training in humans. RV arrhythmias were more inducible in the trained rats (42% vs. 6%, P = 0.05) and RV remodelling, inflammation and scar were observed in the trained but not untrained rats. Thus, the observations were very similar to the entity of 'exercise-induced RV cardiomyopathy' described in humans.
Rather than dichotomization into genetic and exercise aetiologies, it is most likely that a combination of genetic and exercise stressors contributes to disease expression in most patients. This hypothesis might explain the variability in disease severity amongst subjects with the same genetic mutation and, at the other end of the spectrum, why only a small percentage of athletes doing extreme volumes of endurance sports training develop an ARVC phenotype. Figure 9 summarizes the threshold theory of phenotypic expression of ARVC whereby a combination of genetic and environmental stressors can combine in differing quantities to result in disease expression. There have been several recent studies to validate this concept. The first observation that exercise may influence phenotypic expression of ARVC came from Sen-Chowdhry et al. who documented larger RV volumes and lower RV function in 11 endurance athletes as compared with a much larger non-athletic ARVC cohort. 68 This was further advanced by the Johns Hopkins group of James et al. who conducted an exercise interview in 87 patients with a known desmosomal gene mutation in whom two-thirds were categorized as endurance athletes using a fairly liberal definition of >50 h per year of intense aerobic exercise. 69 As compared with the non-athletic subjects, endurance athletes developed symptoms at a younger age, were more likely to meet Task-Force criteria for ARVC, to develop ventricular arrhythmias and to suffer heart failure. Similarly, in a large United States patient registry, participation in endurance sport was associated with disease onset one decade earlier than sedentary subjects or those engaged in recreational exercise and competitive athletes had twice the rate of ventricular arrhythmias and sudden death. 70 Finally, an elegant study by Saberniak et al. demonstrated that amongst patients with ARVC, athletes had reduced measures of RV function by echocardiography and MRI when compared with non-athletes. They documented a moderate inverse relationship between the amount of regular exercise performed and measures of both RV and LV ejection fraction. 71 Thus, the evidence supporting a relationship between strenuous endurance exercise and severity of ARVC disease expression is compelling. The degree to which other environmental factors (e.g. intercurrent illnesses and nutrition) contribute to disease expression is yet to be determined.
New tools for discriminating between disease and health
The differentiation between athletic cardiac remodelling and cardiomyopathy can be extremely challenging. It is very important that the diagnostic process does not rely on resting measures of cardiac volumes and function alone. As has been discussed extensively in this review, measures in athletes are frequently well outside the bounds of that observed in the general population and do not necessarily signify pathology in their own right. Perhaps one of the most important signs in identifying pathology is the presence of symptoms. There is no current evidence to suggest that RV remodelling in athletes can be a harbinger of a serious underlying diagnosis in the absence of symptoms. Some advanced techniques have been proposed to assist in the evaluation of the athlete with suspicious symptoms and abnormalities on firstline evaluation of cardiac structure, function and electrophysiology. Heidbuchel et al. reported that inducibility during an electrophysiological study was the only clinical tool that could predict athletes at risk of serious arrhythmias with reasonable accuracy. 63 Corrado et al. used Figure 8 Weekly exercise in athletes with and without desmosomal mutations. The observations of La Gerche et al. 65 (left) and Sawant et al. 66 (right) are almost identical. In athletes with clinical features of arrhythmogenic cardiomyopathy, disease expression can be caused by a genetic mutation and a low level of exercise or by large volumes of exercise in the absence of an identifiable mutation. Reproduced with permission from La Gerche et al. 65 and Sawant et al. 66 electroanatomical mapping to define areas of low voltages suggestive of scar in the RV outflow tract and demonstrated that this was associated with inflammation and scar consistent with ARVC in all cases. 62 Somewhat in contrast to these findings, Venlet et al. performed electroanatomical mapping of the RV and reported that scar extending beyond the RV outflow tract to the sub-tricuspid region was highly suggestive of ARVC whereas scar localized to the RV outflow tract occurred exclusively in endurance athletes, was not associated with a diagnosis of ARVC but did have the potential for fast sustained ventricular arrhythmias and possible ventricular fibrillation. 61 Thus, the endurance athlete phenotype is complex but this data may explain some of the association between ARVC-like disease in the absence of genetic disease. The disadvantage of these techniques is that they involve invasive procedures and highly specialized techniques. The Bordeaux group of Haissaguerre reported excellent diagnostic accuracy of using a high-dose isoprenaline infusion to induce complex RV arrhythmias as a marker of underlying ARVC. 72 The extent to which this technique may be applied to athletic
cohorts is yet to be determined. Finally, we approached the issue of differentiating athletes with complex RV arrhythmias from healthy athletes with the assumption that arrhythmias were an early manifestation of a subtle cardiomyopathic process (i.e. exercise-induced arrhythmogenic RV cardiomyopathy) and hypothesized that the haemodynamic stress of exercise would accentuate RV dysfunction in athletes with arrhythmias even in the absence of normal resting RV function. Whilst echocardiography and CMR measures were similar between groups at rest, RV function did not augment with exercise when compared with a normal increase in contractile function in healthy athletes and non-athletes. 9 These data support the concept that acute RV load excess during exercise can be used to identify sub-clinical myocardial dysfunction that is associated with potentially serious arrhythmias in athletes. This concept supports observations in other disease settings. Exercise and pharmacological stress can be used to identify sub-clinical RV dysfunction in other conditions including pulmonary hypertension, 21,73-75 heart failure, 76, 77 and valvular heart disease. 78 In each of these situations, the abnormally increased load on the RV is increased further with exercise and can manifest as RV dysfunction.
Therapeutic implications
The substantive evidence linking endurance exercise with early expression and accelerated progression of ARVC would suggest that abstinence from intense exercise is an important therapeutic intervention in predisposed individuals. As discussed earlier, competitive sports precipitates disease expression at an earlier stage in individuals with genetic susceptibility but no clinical evidence of disease (the so-called 'geno þ ve/pheno-ve patients'). 69 Similarly, in those with clinical features of disease, arrhythmias and premature death are more frequent amongst competitive endurance athletes. 70 Thus, it would seem that advice to limit exercise is an important therapeutic intervention in patients with ARVC. Some recent guidelines reflect these advances in the understanding of disease modifiers and recommend avoidance of competitive or endurance exercise in subjects with clinical or genetic evidence of disease. 79, 80 Another intrigue is whether the interaction between exercise and ARVC will prove to be a prototype for discovery into environmental and genetic interactions in other cardiomyopathies. The effect of exercise on the expression of hypertrophic cardiomyopathy and dilated cardiomyopathies has received little attention. It is long recognised that exercise may serve as a trigger of arrhythmic events in predisposed individuals but it remains to be determined whether exercise can alter the underlying disease substrate in some settings.
Conclusion
Exercise is associated with unequivocal health benefits and results in many structural and functional changes of the myocardium that enhance performance and prevent heart failure. However, intense exercise also presents a significant hemodynamic challenge in which the right-sided heart chambers are exposed to a disproportionate increase in afterload and wall stress that can manifest as myocardial fatigue or even damage if intense exercise is sustained for prolonged periods. The long-term effect of repeated bouts of intense endurance exercise is a slightly greater enlargement of the right-sided heart chambers as compared with the left-sided chambers. In those minority of athletes who develop ventricular arrhythmias, the origin of arrhythmias is most likely to be in the RV and is frequently associated with more pronounced remodelling and mild dysfunction of the RV. Thus, the right-sided heart chambers should be carefully appraised when assessing endurance athletes presenting with symptoms. It has been well established that there is an interaction between exercise and genetic abnormalities in cardiac structural elements that can manifest as arrhythmogenic cardiomyopathy. These observations suggest that endurance exercise should be avoided in individuals with clinical or genetic evidence of arrhythmogenic cardiomyopathy.
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Figure 9
Threshold for phenotypic expression for arrhythmogenic cardiomyopathy (ARVC) as a spectrum of genetic and environmental risk. Genetic and environmental factors, such as exercise, combine to reach a threshold at which the ARVC phenotype is expressed. A large genetic risk can cause clinical ARVC with little exacerbation from exercise. However, a more modest genetic risk may require significant additional modification from exercise stress. Whether extreme exercise can cause an ARVC phenotype with little or no genetic risk remains controversial.
